Rationale: Acute exacerbations of chronic obstructive pulmonary disease (AECOPDs) are important adverse events in the natural history of chronic obstructive pulmonary disease (COPD).
Acute exacerbations of chronic obstructive pulmonary disease (AECOPDs) are important events in the natural history of the disease. People who have frequent exacerbations (>2/yr) have higher mortality, worse quality of life, and faster FEV 1 decline than those with infrequent exacerbations (0-1/yr) (1) . Increasing exacerbation frequency is known to be a risk factor for future exacerbation events (2) , and is thought to be a stable trait (2, 3) , with exacerbations clustering in time (4) . Previous work has shown that increased frequency of moderate AECOPDs is associated with an increased risk of death in the year following an AECOPD (5) and that a hospitalization for AECOPD (i.e., severe AECOPD) is associated with an increased risk of death, with the risk of death increasing with increasing frequency of severe AECOPDs (6) .
Most published studies split patients with chronic obstructive pulmonary disease (COPD) into infrequent (0-1 events/yr) and frequent (>2 events/yr) AECOPD categories because of the understanding of the importance of the frequent exacerbator phenotype. It is unclear, however, how a graduated increase in moderate AECOPD (managed outside hospital) events impacts the risk of death, and how the frequency of moderate events compares with hospitalized events in terms of risk of death. Furthermore, previous studies of the natural history and impact of AECOPD frequency and severity, have made use of more severe cohorts, or those treated in secondary care and with a relatively short follow-up of up to 3 years (3, 4, (6) (7) (8) . Because most patients with COPD are cared for in primary care, it is unclear if previous work can be generalized.
Using a representative populationbased cohort of linked primary care, hospitalization, and mortality data, we investigated the effect of frequency and severity of AECOPDs at baseline on the risk of death and future AECOPDs. We also aimed to determine if more distant AECOPDs have an effect on risk of death independent of the frequency of more recent events.
Some of the results of these studies have been previously reported in the form of an abstract (9) .
Methods Data Source and Study Population
We used data from the Clinical Practice Research Datalink (CPRD) linked with Hospital Episodes Statistics data and Office of National Statistics mortality database.
We used our previously validated algorithm to identify patients with COPD in the CPRD (10) . Briefly, this consisted of patients aged older than 35, with a record for a validated diagnostic code for COPD, and a smoking history. We included all patients in the CPRD with COPD if they were eligible for linkage with Hospital Episodes Statistics, Office of National Statistics, and deprivation data (index of multiple deprivation [11] ), and had at least 1 year between joining the database and censoring at death or moving outside the system. The Read codes used to identify COPD are presented in the online supplement (see Table E1 in the online supplement).
We used our previously validated algorithms to identify moderate (12) and severe (13) AECOPDs, and degree of airflow limitation (14) . Further details on the data source and covariate and outcomes ascertainment are in the online supplement.
Statistical Analysis
Cohort study. This was an open cohort study using data from January 1, 2004, to March 31, 2015 (see Figures E1-E3 ). During the study period, patients were eligible to begin follow-up after both diagnosis with COPD and entry into the CPRD database. Patients who entered the CPRD database and who already had a diagnosis of COPD were labeled as having "established disease," and those who developed COPD during their time in the CPRD database were labeled as "incident disease."
The exposure categories were zero, one, two, three, four, and five or more moderate AECOPDs (and no severe AECOPDs); and one or more severe AECOPDs (and any number of moderate AECOPDs). Patients were categorized into these categorizes during their first year of available data post-COPD diagnosis, hereafter called the "baseline period." Outcomes were then ascertained during follow-up period starting from the end of the baseline period, up to a maximum available follow-up of 10 years and 2 months.
Initially we described the rates of subsequent moderate and severe AECOPDs and time to first AECOPD by exposure category. We then used Cox proportional hazards models to investigate the effect of baseline AECOPD frequency and severity on time to first moderate AECOPD and severe AECOPD in separate analyses, adjusted for possible confounders. Covariates were identified in the period before study follow-up start. Depression, anxiety, gastroesophageal reflux disease, and asthma were ascertained in the baseline year only (i.e., in the same year as AECOPD frequency categorization). All other comorbidities (myocardial infarction, stroke, heart failure, bronchiectasis, and lung cancer) were ascertained at any time before start of follow-up. Modified Medical Research Council (mMRC) score was ascertained in the baseline year, and Global Initiative for Chronic Obstructive Lung Disease (GOLD) grade of airflow limitation (15) We carried out a large study to investigate the natural history of COPD exacerbations with a follow-up of up to 10 years. Compared with previous studies, our study is larger in terms of patient numbers, has longer follow-up, and is generalizable to the real-life COPD population seen in clinical practice. We demonstrate that when taken as a cross-section of all patients with COPD, a substantial proportion do not seem to exacerbate; however, in our generalizable population, this proportion was half the previously estimated size. In addition, we also show that most patients do in fact exacerbate at least once following diagnosis of COPD, but once their COPD is established, many do not exacerbate again over the 10 years of follow-up (mean, 4.9 yr), suggesting phenotypic complexity among the COPD population. Although there is likely to be substantial year-to-year variation in exacerbation rates, because of our long follow-up, we were able to demonstrate that exacerbation frequency in a single year does predict long-term exacerbation rates in a graduated fashion. We also found a graduated increase in risk of mortality associated with moderate exacerbations (from 0-5 or more per year). However, no frequency of moderate exacerbations exceeded the mortality risk from a severe exacerbation.
ORIGINAL ARTICLE using the closest measurement before start of follow-up. We then extended these models using the Andersen-Gill method to allow for repeat outcomes (AECOPDs) within person. Andersen-Gill models are an extension to Cox modeling, which allow for repeat events and preserve the ordering of events, and a robust sandwich covariance matrix for the estimates, which uses a jackknife estimate to provide robust SEs (16) . We repeated each analysis stratified by timing of COPD diagnosis (established or incident COPD). We then investigated time to death by baseline AECOPD frequency and severity using Cox proportional hazards models.
To assess the impact of potential misclassification of AECOPD frequency in the first year, we also performed a sensitivity analysis that used the first 2 years of followup to classify patients according to AECOPD frequency and severity. In this analysis, we categorized those who had no AECOPDs in either of the first 2 years as having zero moderate AECOPDs, and then followed these patients up for up to 9 years.
Case-control study. We then conducted a nested case-control study for two of the outcomes (severe AECOPDs and death). Cases were matched to three control subjects based on age (year of birth) and general practitioner practice at the time of the event. We used incidence density sampling to mimic time to event analysis; this meant that control subjects could become future cases (17) . Odds ratios produced by this method estimate the hazard ratio (HR). For the case-control studies, events were ascertained between March 2012 and March 2015 for risk of death, and from March 2014 to March 2015 for risk of severe AECOPDs. Covariates for the case-control study were ascertained at the start of the base cohort for the relevant case-control study.
The purpose of the case-control studies was to 1) account for the potential survivor bias in the cohort study where patients needed to survive for at least 1 year to be categorized, potentially impacting on patients with a severe AECOPD who are at high risk of death; 2) to account for the time-varying nature of the AECOPD exposure and changes over time in the effect of the exposure; and 3) to investigate the effect of recent versus distant AECOPDs on risk of future AECOPDs and death.
We investigated frequency and severity of AECOPDs in the previous 3 years separately (i.e., for 0-12 mo before the event, 12-24 mo before the event, and for 24-26 mo before the event).
We used conditional logistic regression analysis, adjusting for the same confounders as the cohort study. We also additionally adjusted for number and severity of AECOPDs at other time points to assess whether more distant AECOPDs continue to influence the outcomes, conditional on more recent AECOPD frequency and severity.
Post Hoc Analysis
As a post hoc analysis, we investigated 1) the proportion of patients who switched AECOPD frequency (both between frequent and infrequent AECOPD status, and any and zero AECOPDs per year) by baseline AECOPD number and incident/established COPD, 2) the proportion of patients in each AECOPD frequency in both incident COPD groups and established COPD groups, and 3) whether receiving a prescription for a new inhaler was associated with switching from exacerbating in the baseline period to having no exacerbations in the first year of follow-up.
Analysis was conducted using Stata 14.2 MP.
Ethical Approval
The protocol for this research was approved by the Independent Scientific Advisory Committee for Medicines and Healthcare products Regulatory Agency Database Research (protocol number 17-013R) and the approved protocol was made available to the journal and reviewers during peer review. Generic ethical approval for observational research using the CPRD with approval from Independent Scientific Advisory Committee has been granted by a Health Research Authority Research Ethics Committee (East Midlands -Derby, REC reference number 05/MRE04/87).
Results
In total, we included 99,574 patients who survived at least 1 year during follow-up ( Figure E4 ). The characteristics of included patients are displayed in Table 1 (and  detailed further in Table E2 ). The median age was 68 (interquartile range, 60-76), 52% were current smokers, 24% of patients had GOLD grade 1 airflow limitation, 44% had grade 2, 26% had grade 3, and 6% had grade 4. In terms of frequency and severity of AECOPDs in the first year, 51.8% had no AECOPDs in the first year, 19.5% had one moderate AECOPD, 10.4% had two moderate AECOPDs, 5.7% had three moderate AECOPDs, 3.1% had four moderate AECOPDs, and 5.1% had five or more moderate AECOPDs; 4.3% had one or more severe AECOPDs. Greater AECOPD frequency was associated with female sex, older age, ex-smokers, higher mMRC score, more severe airflow limitation, previous myocardial infarction, stroke, heart failure, asthma, bronchiectasis, lung cancer, gastroesophageal reflux disease, depression, and anxiety (test for trend, all P , 0.001). Increasing AECOPD frequency was also associated with both underweight and overweight body mass index (P , 0.001).
A total of 38,178 (38.3%) patients had COPD diagnosed during the study (incident COPD), and 61,396 (61.7%) had COPD at the start of their follow-up (established COPD). Patients with incident disease were more likely to have experienced an exacerbation during the baseline year (53.1% in patients with incident disease, compared with 42.4% in the established disease group). In terms of other risk factors, patients in the incident disease group had better lung function and lower mMRC scores (Table E3) .
Cohort Study
The mean follow-up was 4.9 years (SD, 3.2 yr). Over the follow-up, 26,987 patients (26.4%) did not have any AECOPDs in either the first year or during the follow-up period, meaning that only 47.7% of those with no AECOPDs in the first year exacerbated at all over follow-up ( Figure  E5 ). Kaplan-Meier curves stratified by established and incident COPD indicated that almost all patients with COPD with incident disease exacerbated at least once. This was also the case for those with established disease and at least one baseline exacerbation; however, only around onequarter of those with established disease and no baseline exacerbations exacerbated over the follow-up (Figures 1 and 2 ). The rate of future and moderate and severe AECOPDs increased with increasing baseline frequency of AECOPDs in a graded fashion across all GOLD grades of airflow limitation (Table E4) When we performed our sensitivity analysis, which categorized patients over the first 2 years of follow-up. A total of 77,623 patients remained; of these 34,246 (44.1%) had no event in either year and 22,709 (29.3%) had no event during their entire follow-up.
Risk of moderate AECOPDs. In the analysis allowing for repeat moderate events, there was a graduated increase in the rate of moderate AECOPDs by increasing frequency of baseline moderate AECOPDs (Table 2) . This pattern was maintained after adjustment for potential confounders, with the relative risk of further moderate AECOPDs increasing from HR of 1.71 (95% confidence interval, 1.66-1.77) for those with one baseline moderate AECOPD to HR of 5.50 (5.32-5.68) for those with five or more baseline moderate AECOPDs, compared with those with no AECOPDs at baseline. The effect of baseline AECOPD frequency and severity on risk of future moderate AECOPDs were comparable between those with established and incident COPD and for time to first event analyses (Tables E5  and E6) .
Risk of severe AECOPDs. Risk of future severe AECOPDs behaved in a similar way to the risk of future moderate events (Table 2 ). There was again a graduated increase in the rate of severe AECOPDs with increasing number of baseline moderate AECOPDs, rising from 0.10 to 0.33 events per person-year for those without versus (0.32-0.35) five or more moderate AECOPDs. The rate of severe AECOPDs for those with one or more baseline severe AECOPDs was 0.51 per person year. This relationship corresponded with observed adjusted risk. Nevertheless, the presence of one or more baseline severe AECOPDs was associated with the highest risk of future severe AECOPDs (HR, 3.65; 3.53-3.78). The effect of baseline AECOPD frequency and severity on risk of future severe AECOPDs were comparable between those with established and incident COPD and for time to first event analyses (Tables E7  and E8 ). Risk of death. Risk of death again gradually increased with increasing frequency of moderate baseline AECOPDs, and those who had one or more severe baseline AECOPDs had the highest risk of death with HR of 1.79 (95% confidence interval, 1.65-1.94) ( Figure 3 , Table 2 ).
Case-Control Study: Odds of Death
We identified 7,137 cases (deaths) and matched with three control subjects. Adjusted model considering 12 months period before death showed an increasing frequency of moderate AECOPDs associated with higher risk of death up to over a doubling of risk of death for those with five or more moderate AECOPDs. Patients with only one moderate AECOPD were not in an increased risk as compared with those without AECOPDs ( Table 2) . Those who had a severe AECOPD in the previous 12 months had more than a 14 times increased risk of death compared with those who had no AECOPDs (odds ratio, 14.16; 95% confidence interval, 9.45-21.2). Using alternative time periods of 12-24 and 24-36 months, we observed similar results for moderate AECOPDs. However, the effect of severe AECOPDs in the 12-24 and 24-36 months previously was attenuated. After adjusting for the frequency and severity of AECOPDs at other time points, only frequency and severity of AECOPDs in the previous 12 months remained associated with risk of death, with the exception of severe AECOPDs in the 12-24 months (Table E10) . Results of the severe AECOPD case-control study are presented in Table E11 .
Post Hoc Analysis
We found that 27.4% of patients without baseline AECOPDs exacerbated in the first year, 40% of patients with one or more baseline AECOPDs switched to none in the first year of follow-up, and 27% of patients with two or more AECOPDs switched to none in the first year of follow-up. Compared with those with established disease, patients with incident COPD were more likely to switch from having no exacerbations at baseline to having one or more in the first year of follow-up, and were more likely to switch from being an infrequent (0-1 AECOPDs/yr) to frequent exacerbator (>2 AECOPDs/yr) (Table  E12) .
When comparing those with incident disease with a subset of those with established disease defined as less than 5-year duration, we found that the proportions of patients in each AECOPD frequency group were very similar between incident and established disease after Year 3 of follow-up ( Figure E8 ).
We found that having a prescription for a new class of inhaled therapy was associated with switching from being an exacerbator in the baseline period to having no exacerbations in the first year of follow-up (full details in the online supplement).
Discussion
In our population-based study of patients with COPD with up to 10 years of follow-up (mean, 4.9 yr), we have identified a large subgroup of patients with COPD (26%) who do not exacerbate. Among those who did experience an exacerbation during the first baseline year, any AECOPDs, even moderate events, were associated with an increased risk of death. This risk increases in a graduated manner, meaning with every additional moderate AECOPD, there is a further increase in the risk of death. Furthermore, the risk of death associated with severe AECOPDs was higher than having any number of moderate AECOPDs that we observed. We demonstrated that the risk of mortality associated with severe AECOPDs is time dependent with a peak relationship in the first 12 months after a severe AECOPD.
With regards to novelty, our study advances knowledge significantly in five areas 1) Although previous papers (e.g., Han and coworkers [18] ) have shown that year to year there seems to be variation in AECOPD frequency, our results suggest a more long-term stability in rates when observed over up to 10 years of follow-up. 2) Unlike Han and colleagues (18), we demonstrate that most patients with COPD do in fact exacerbate at some point in their history, but a large proportion are likely to become nonexacerbators, suggesting the potential for successfully reducing the AECOPD rate to zero in a subgroup of patients with COPD who perhaps respond particularly well to treatment. 3) We are the first to demonstrate a graded effect of AECOPD frequency moving from zero to five or more moderate events per year on long-term risk of death. 4) Uniquely, we were able to compare the risk of death between varying moderate AECOPD frequency and having one or more severe AECOPDs to demonstrate that no number of moderate AECOPDs (>5/yr) is equivalent in risk to one or more severe AECOPDs per year. 5) Our case-control analysis indicated that after adjusting for previous AECOPD history, only recent AECOPD frequency is associated with increased risk of death. This finding suggests that the association between historic AECOPDs and risk of death may be mitigated by reduction of current AECOPD frequency (i.e., there is no longterm impact of frequent AECOPDs if they can be brought under control).
Compared with Han and colleagues (18), our study is representative of the general COPD population because our study is based on routinely collected electronic health data from patients with a clinical diagnosis of COPD, rather than based on a physiologic definition (airflow obstruction among those with a smoking history) among a convenience sample. Compared with Han and colleagues (18) , our study also benefitted from using observed rather than recalled exacerbation history as the exposure. We expect these differences in the populations might influence exacerbation patterns, and indeed we observed an average of 1.3 AECOPDs per year per patient, compared with 0.37 per year per patient in Han and colleagues' (18) study. This is likely reflected in our finding that around one-quarter of patients with COPD do not exacerbate over followup, compared with Han and coworkers' (18) finding that around one-half did not exacerbate. However, compared with Han and colleagues (18), we did find that a very similar proportion of patients switched from exacerbating to nonexacerbating and vice versa in between the baseline period and first year of follow-up. Although we found that a larger proportion of patients did not exacerbate among those who had a full 10 years of follow-up that in the overall study cohort, this subcohort will be selectively biased toward survivors who have fewer exacerbations. In patients with COPD, a follow-up longer than 2-3 years is related to relatively high mortality rates because of their advanced mean age, seriousness of their underlying condition, and other common morbidities (19) .
In our cohort study, increasing frequency of moderate AECOPDs was associated with risk of death, although after adjustment for potential confounders this was only significant for those with two or more moderate AECOPDs per year. However, having one baseline moderate AECOPD was only associated with an increased risk of death in those patients with incident COPD, perhaps indicating a protective effect of treatment for those with established COPD. The higher relative risk of death associated with severe AECOPDs in the 1 year following COPD diagnosis (incident COPD subcohort) likely represents more severe disease in those patients with COPD who are hospitalized for their COPD early on in their disease course.
In our case-control study, we found that risk of death increases with increasing frequency of AECOPDs, again only for a frequency of two or more AECOPDs per year, and that the risk of death following severe AECOPD in the last year is 12 times that of those who did not exacerbate at all. In the fully adjusted analysis, the risk of death in the 12 months following severe AECOPD was more than 15 times that of those patients with COPD who did not have an AECOPD. Our findings suggest that the effect of more distant AECOPD frequency was mediated through higher propensity to have more recent AECOPDs, rather than a direct effect of distant AECOPDs on risk of death.
The biggest strengths of our study were the representativeness of the cohort, the size, and the 10 years of follow-up data. Although there was likely to be a survival bias in the design of the cohort study, this was necessary so that the effect of moderate AECOPD frequency could be compared with the effect of severe AECOPD. In addition, we conducted a case-control study to investigate these effects with a design that did not have a survival bias. Our casecontrol study also allowed us to investigate the difference in effects of recent versus more distant AECOPDs. We also used validated definitions of COPD and AECOPD, which were found to have positive predictive values of more than 85% following case note review in previous validation studies (10, 12, 13) .
Although we used validated definitions, there is a still the potential for misclassification in electronic health care record studies. However, it is likely that any "missed" AECOPDs would be disproportionately distributed in those who have fairly frequent AECOPDs, and this is unlikely to influence our conclusions. We also recognize that other unmeasured confounders for the association between AECOPD frequency and severity, such as frailty, may not have been controlled for. In addition, a further weakness was that we could not assess the natural history and impact of "mild AECOPDs," those events that might be managed at home. One other potential weakness of our study is that some data were missing for covariates, notably FEV 1 , mMRC score, and body mass index. Data were not missing for exposures or outcomes. Furthermore, our results did not change substantially on adjustment for potential confounders, and it is unlikely that missing data on these covariates would change our conclusions.
Conclusions
Our findings highlight the importance of collecting detailed and accurate information on AECOPD frequency and severity to consider the risk of future AECOPDs and death in terms of therapeutic management. In addition to already published data, we found that the risk of future adverse events in COPD neither starts nor stops with two or more moderate or severe events. Any moderate AECOPDs increased susceptibility of future moderate or severe AECOPDs and mortality among those with recent incident diagnosis. This increase in risk is stepwise with every additional moderate event leading to more future events. Taken with our finding that a large proportion of our established COPD subcohort did not exacerbate, this suggests that reduction in AECOPD frequency to zero is possible, perhaps for a subset of patients who respond particularly well to therapy. n
